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DISTANCE MEASUREMENT WITH A CAMERA 

FIELD OF THE IN\'ENTION 
The invention relates lo cameras thai provide measurements of distances to objects and 
pans of objects that they image and in panicular to integrating functions of such cameras on a 
5 single chip. 

BACKGROUND OF THE INVENTION 
Three dimensional optical imaging systems, hereinafter referred to as *3D cameras", 
that are capable of providing distance measurements to objects and points on objects that they 
image, are used for many different applications. Among these applications are profile 

10 inspection of manufactured goods, CAD verification, robot vision,, geographic surveying and 
imaging objects selectively as a function of distance. 

Some 3D cameras provide simultaneous measurements to substantially all points of 
objects in a scene they image. Generally, these 3D cameras comprise a light source, such as a 
laser, which is pulsed or shuttered so that it provides pulses of light for illuminating a scene 

15 being imaged and a gated imaging system for imaging light from the light pulses that is 
reflected from objects in the scene. The gated imaging system comprises a camera having a 
photosensitive surface, hereinafter referred to as a '*photosurface'\ such as a CCD camera, and 
a gating means for gating the camera open and closed, such as an optical shutter or a gated 
image intensifier. The reflected light is registered on pixels of the phoiosurface of the camera 

20 only if it reaches the camera when the camera is gated open. 

To image a scene and determine distances from the camera to objects in the scene, the 
scene is generally illuminated with a train of light pulses radiated from the light source. For 
each radiated light pulse in the train, following an accurately determined delay from the time 
that the light pulse is radiated, the camera is gated open for a period of time hereinafter referred 

25 to as a "gate". Light from the light pulse that is reflected from an object in the scene is imaged 
on the photosurface of the camera if it reaches the camera during the gate. Since the time 
elapsed between radiating a light pulse and the gate that follows it is knovm, the time it took 
imaged light to travel from the light source to the reflecting object in the scene and back to the 
camera is known. The time elapsed is used to determine the distance to the object. • 

30 In some of these 3D cameras, only the timing bef^^'een Hght pulses and gates is used to 

determine the distance from the 3D camera to a point in the scene imaged on a pixel of the 
photosurface. of the 3D camera. In others, the amount of light registered by the pixel during the 
time that the camera is gated open is also used to determine the distance. The accuracy of 
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• measurements made with these 3D cameras is a function. of the rise and fall times and jiner of 
the light pulses and their flatness, how fast the gating means can gate the camera open and 
closed. 

A 3D camera using a pulsed source of illumination and a gated imaging system is 
5 described in "Design and Development of a Multi-detecting two Dimensional Ranging 
Sensor", Measurement Science and Technology 6 (September 1995), pages 1301-1308, by S. 
Christie, et al., and in "Range-gated Imaging for Near Field Target Identification", Yates et al, 
SPEE Vol. 2869, p374 - 385 which are herein incorporated by reference. 

Another 3D camera is described in U.S. patent 5,081,530 to Medina, which is 

1 0 incorporated herein by reference. A 3D camera described in this patent registers energy in a 
pulse of light reflected from a target that reaches the camera's imaging system during each gate 
of a'pair of gates. Distance to a target is determined from the ratio of the difference between the 
amounts of energy registered during each of the two gates to the sum of the amounts of energy 
registered during each of the two gates. 

15 A variation of a gated 3D camera is described in U.S. patent 4,935,616 to Scott, which 

is incorporated herein by reference. In this patent, a 3D camera is described in which a light 
source and imaging system, instead of being fully gated, are "modulated". In a preferred 
embodiment of the invention, the light source comprises a CW laser. The intensity of light 
radiated by the laser is modulated so that the intensit>' has an harmonically varying component. 

20 The sensitivity of the camera's imaging system to light is also harmonically modulated. When 
a target that is illuminated by the modulated laser light reflects some of the incident laser light, 
the reflected light has the same modulation as the laser light. However, modulation of the 
reflected light that reaches the imaging system from the target has a phase difference with 
respect to the modulation of the imaging system that depends upon the distance of the target 

25 from the camera. The intensity that the camera registers for the reflected light is a function of 
this phase difference. The registered intensity is used to determine the phase difference and 
thereby the distance of the target from the camera. 

Other "gated" 3D cameras and examples of their uses are found in PCT Publications 
WO97/01 111, WO97/01 1 12, and WO97/01 1 13 which are incorporated herein by reference. 

30 An optical shutter suitable for use in 3D cameras is described in PCT patent application 

PCT/IL9 8/00060, by some of the same applicants as the applicants of the present application, 
the disclosiu-e of which is incorporated herein by reference. 
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SUMMARY OF THE INVENTION 
Some aspects of preferred embodimenis of ihe present invention relate to providing an 

improved 3D camera wherein gating or modulating apparatus for the 3D camera is incorporated 

on a photosurface of the camera on which light detectors of the camera are also situated. 
5 In accordance with one aspect of some preferred embodimenis of the present invention, 

each pixel in the photosurface includes its own pixel circuit for gating the pixel on or off or for 

modulating the sensitivity of'the pixel to incident light. 

In some preferred embodiments of the present invention the same pixel circuit functions 

to gate the pixel on or off and to modulate the sensitivity of the pixel to incident light. 
10 In some preferred embodiments of the present invention each pixel is gated on or off or 

modulated independently of other pixels. In other preferred embodiments of the present 

invention pixels on the photosurface are grouped into different pixel groups. The pixels 

belonging to a same pixel group are gated on or off or modulated substantially simultaneously. 

Pixel groups are gated on and off or modulated in different combinations and time sequences. 
15 In some preferred embodiments of the present invention, pixels in different pixel groups 

are located in different regions of the photosurface. In some preferred embodiments of the 

present invention, the different regions are different parallel bands of pixels of the 

photosurface. In some preferred embodiments of the present invention, the different regions are 

substantially equal area regions of the photosurface. 
20 Some aspects of preferred embodiments of the present invention relate to providing a 

photosurface that images a scene and provides measurements of distances to objects in the 

scene in a single frame. 

Some aspects of preferred embodiments of the present invention relate to providing a 

photosurface that comprises pixels having outputs that are automatically corrected for biases 
25 and noise resulting from background light and dark cunrent from a light sensitive element of the 

pixel. 

In accordance with another aspect of some preferred embodiments of the present 
invention, a photosurface is provided comprising pixels, wherein each pixel includes a 
photodiode or other, preferably linear, light sensitive current source such as a photoresistor, or 
30 photogate, a charge accumulator, hereinafter referred to as, but not necessarily limited to an 
"integrator" and a variable connection. The photodiode is connected to the integration circuit 
via the variable cormection. Preferably, the integrator comprises an amplifier, preferably, an 
operational amplifier with capacilive feedback. 
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In some preferred embodiments of the .present mvehudn 'lhe v'ariable connection is a' 
switch controllable to be either open or closed. When the photodiode is exposed to light to 
which it is sensitive and the pixel control switch is closed, a current flows into the integrator 
from the photodiode that is substantially proportional to the intensity of light incident on the 

5 photodiode. A charge, hereinafter referred to as a "photocharge", is accumulated by an 
integrator. The amount of photocharge accumulated is proportional to the integral over time of 
the intensity of light to which the photodiode is exposed during the lime that the pixel control 
switch is closed. The integrated photocharge is used as a measure of the pixel response to the 
li-eht to which it is exposed. The switch is said to gate the pixel on when the switch is closed 

10 and to gate the pixel off when the switch is open. The switch is hereinafter referred to as a 
*'gate switch". 

In some preferred embodiments of the present invention the variable cormection 
operates to modulate the sensitivity of the pixel to incident light. In these preferred 
embodiments, the modulator is controllable, using methods known in the art, so that the 
1 5 magnitude of the resistance between the photodiode and the integrator across the modulator can 
be set to values within some range of values. When Hght is incident on the photodiode, the 
magnitude of photocurrent flowing between the photodiode and the storage capacitor is a 
function not only of the intensity of the incident light but-also of the value of the modulator 
resistance. By controlling the value of the modulator resistance the amount of photocharge 
20 integrated by the integrator in a given period of time for a given intensity of incident Ught, and 
thereby the sensitivity of the pixel to incident light, is controlled or modulated. When operating 
in a modulating mode the variable connection is referred to as a "modulator". 

In some preferred embodiments of the present invention the modulator modulates pixels 
so that pixel sensitivities vary harmonically. In some preferred embodiments of the present 
25 invention all pixels in a photosurface are modulated harmonically with a same frequency of 
modulation. In other preferred embodiments of the present invention different groups of pixels 
in a photosurface are modulated harmonically with different frequencies. 

In some preferred embodiments of the present invention a variable connection is 
controllable to function only as a gate switch. In other preferred embodiments of the present 
30 invention it is controllable to function only as a modulator. In still other preferred embodiments 
of the present invention, it may be controllable to function as either a gate switch or a 
modulator. The pixel control switch is appropriately connected using methods known in the art, 
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via a control line, lo a controller thai transmits control signals to operate the pixel control 
switch as a gating switch or as a modulator. 

Gate switches and modulators of pixels in a photosurface can be controlled, in 
accordance with preferred embodiments of the present invention, to gate or modulate different 
5 combinations of pixels and to gate pixels and groups of pixels with different timing sequences. 
Similarly, pixel storage capacitors can be addressed and "read" in different combinations and in 
different timing sequences. 

Preferably, the pixels are packed on the photosensitive surface with a pitch less than 50 
microns. More preferably the pixels are packed with a pitch less than 30 microns. Preferably, 
10 the photosurface is produced using CMOS technology and the pixel control switch is a FET or 
MOSFET. Using CMOS technolog)', light sensitive photosurfaces comprising arrays of pixels 
suitable for visual imaging can be produced, wherein each pixel of the photosurface contains a 
light sensitive component such as a photo-diode and electronic switching, control and logic 
elements. For example, US patent 5,345,266 describes a pixel comprising a photodiode and a 
15 transistor. Peter Denyer in a talk given at the 1996 SSCTC Workshop On CMOS Imaging 
Technology, Feb 7, 1996, described a pixel comprising electronic elements that is on the order 
of 12 microns on a side and in which the photodiode occupies 60 % the pixel area. 

There is thus provided, in accordance with a preferred embodiment of the invention, a 
photosurface comprising a plurality of light sensitive pixels, wherein each pixel of the plurality 
20 of pixels comprises an electronic circuit, each of the circuits comprising: 

a single light sensitive element that provides a current responsive to light incident 
thereon; 

at least one charge accumulator separate from the light sensitive element; and 

at least one variable coimection through which current flows from the light sensitive 
25 element into the integrator. 

Preferably, the charge is accumulated on-a capacitor. 
Preferably, the at least one charge accumulator comprises at least one amplifier, having an 
input and an output, the at least one capacitor being connected as a feedback capacitor of the 
amplifier, and wherein the at least one variable connection connects the light sensitive element 
30 to the input of the amplifier. Preferably, the amplifier is an operational amplifier. 

Preferably the photosurface comprises at least one data buss and wherein the circuit 
comprises at least one address switch, which connects a data buss to an output of one of the at 
least one amplifiers, either directly or via another switch. 
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Preferably^ the at least one variable-connection comprises at least one gate switch. 
Preferably, the at least one capacitor comprises a single capacitor and the at least one gate 
switch comprises a single gate switch. 

In preferred embodiments of the invention, such photosurfaces are used in 3D cameras. 
5 Preferably such cameras comprise a controller that gates each pixel in the photo surface on and 
off by controlling the gate switch associated with the capacitor to be closed or open. Preferably, 
the camera comprises a light source that radiates a pluriity of light pulses, having a pulse 
width, that illuminate objects in the scene, wherein the controller gates pixels in the 
phoiosurface on or off at times coordinated with times at which light pulses of the plurality of 
10 light pulses are radiated. 

In a preferred embodiment of the invention, the at least one capacitor comprises first 
and second capacitors connected as feedback capacitors respectively to first and second 
amplifiers to form first and second integrators; and the at least one gate switch comprises first 
and second gate switches, the first gate switch connecting the light sensitive element to the 
1 5 input of the first amplifier and the second gate switch connecting the light sensitive element to 
the input of the second amplifier. Preferably, the at least one address switch comprises first and 
second address switches, the first address switch connecting the output of the first amplifier to 
the data buss and the second address switch connecting the output of the second differential 

amplifier to the data buss; 

20 Alternatively, the photosurface comprises a differential amplifier having positive and 

negative inputs and an output, wherein the output of the first differential amplifier is connected 
to the positive input of the differential amplifier, the output of the second differential amplifier 
is connected to the negative input of the differential amplifier and wherein the output of the 
differential amplifier is connected by the at least one address switch to the data buss. 

25 In preferred embodiments of the invention, these photosurfaces are used in 3D cameras. 

Preferably, the 3D camera comprises a controller that gates pixels in the photo surface 
on and off by controlling at least one of the first and second gate switches of the circuits of the 
pixels to be closed or open. Preferably, the 3D camera comprises a light source that radiates a 
plurality of light pulses that illuminate objects in the scene, the light pulses having a pulse 

30 width, wherein the controller gates pixels in the photosurface on or off at times responsive to 
times at which light pulses of the plurality of light pulses are radiated. 

In a preferred embodiment of the invention, the controller is operative to: 
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gate pixels on for a first gate period after a first time lapse following each radiated light 
pulse of a first plurality of radiated light pulses such that current firom the light sensitive 
element is integrated by the first integrator; and 

gate pixels on for a second gate period after a second time lapse following each radiated 
5 light pulse of a second plurality of radiated light pulses such that current from the light 
sensitive element is integrated by the second integrator. 

Preferably, the mid points of first and second gate periods are delayed with respect to 
the radiated light pulses that they respectively follow by the same amount of time. Preferably, 
the duration of the first gate period is substantially equal to the pulse width of the radiated light 
10 pulses. Preferably, the duration of the second gate is greater than or equal to three times the 
pulse width. 

Alternatively, in a preferred embodiment of the invention the controller is operative to: 
gate pixels on for a first gale period after a first time lapse following each radiated light 
pulse of the plurality of radiated light pulses such that current from the light sensitive element 
15 is integrated by the first integrator; and 

gate pixels on for a second gate period after a second time lapse following each radiated 
light pulse of the plurality of the plurality of radiated light pulses such that current from the 
• hght sensitive element is integrated by the second integrator. 

Preferably, the first time lapse is such that light reflected from the object reaches the 
20 light sensitive element during the first gate period, such that current therefrom responsive to 
background light, light reflected from the radiated light pulse by objects in the scene plus dark 
current is integrated on the first integrator. 

Preferably, the second time lapse is such that light reflected from the object does not 
reach the light sensitive element during the second gate period, such that current therefrom 
25 responsive to background light plus dark current is integrated on the second integrator. 

In a preferred embodiment of the invention, the at least one capacitor is coimected to 
the at least one amplifier by a plurality of switch.es such that: 

for a first combination of open and closed switches a first terminal of the at least one 
capacitor is connected to the input of the amplifier and a second terminal of the at least one 
30 capacitor is connected to the output of the amplifier; and 

for a second combination of open and closed switches the first terminal of the at least 
one capacitor is connected to the output of the amplifier and the second terminal of the at least 
one capacitor is cormected to the input of the amplifier. 
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In preferred embodiments- of ihe invention, the above photosurfaces are used in 3D 
cameras. 

In a preferred embodiment of the invention, the 3D camera comprises a controller that gates 
pixels in the photo surface on and off by controlling the at least one gate switch in the circuits 

5 of the pixels to be closed or open. Preferably, the 3D camera comprises a light source that 
radiates a plurality of light pulses having a pulse width that illuminate objects in the scene and 
wherein the controller gates pixels in the photosurface on or off at times responsive to limes ai 
. which light pulses of the plurality of light pulses are radiated. 

Preferably, the controller gates pixels on for a first and second gate periods following 

10 each light pulse in the plurality of light pulses and wherein during the first gate period current 
in the light sensitive element is responsive to background light and light of the radiated light 
pulse reflected from the objects in the scene plus dark current is integrated on the capacitor and 
increases voltage across the capacitor and wherein during the second gate current responsive to 
background light plus dark current is integrated on the capacitor and decreases voltage across 

15 the capacitor. 

Preferably, the duration of the first gate and the duration of the second gate are 
controlled to be equal to a high degree of accuracy. 

Preferably, the duration of the first and second gales is substantially equal to the pulse 
width of the radiated light pulses. 
20 Preferably, the pixel circuit of the photosurface comprises a reset switch connected to 

the light sensitive element and wherein when the reset switch is closed, voltage across the light 
sensitive element is set to a predetermined magnitude. Preferably, the controller controls the 
reset switch and wherein before the controller gates a pixel on the controller closes and opens 
the reset switch of the pixel at least once. 
25 In a preferred embodiment of the invention, the at least one variable connection 

comprises at least one modulator. Preferably, the at least one modulator comprises one 
modulator and wherein the at least one capacitor comprises one capacitor. Preferably, the at 
least one modulator is controllable to modulate the current from the light sensitive element 
hamionically. Alternatively, the at least one modulator is controllable to modulate the current 
30 from the light sensitive element pseudo randomly. 

In preferred embodiments of the invention, these photosurface are used in a 3D camera, 
preferably, the 3D camera comprises a controller that controls modulators in the pixels 
of the photosurface to modulate currents from the light sensitive elements of the pixels. 
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preferably, ihe modulators modulate the currents harmonically. In one preferred embodiment of 
the invention, different pixels of the phoiosurface arc modulated at different frequencies of 
modulation. 

In a preferred embodiment of the invention, the 3D camera comprises a light source that 
5 radiates a beam of light having an harmonically modulated intensity and wherein the controller 
controls the modulators to modulate the currents harmonically so that the beam of light and the 
currents are modulated hannonically at the same frequency of modulation and in phase. 

In a preferred embodiment of the- invention, the controller controls each pixel of the 
pixels in the photosurface independently of other pixels in the photosurface. In an alternative 
10 prefenred embodiment of the invention, pixels in the photosiu^face are grouped into different 
pixel groups and pixels in a same pixel group are controlled by the controller simultaneously 
and wherein each pixel group is controlled independently of other pixel groups. 

There is farther provided, in accordance with a preferred embodimenl of the invention, 
a method of removing the effects of background and dark current from a signal generated from 
1 5 a gated reflection of a pulsed source of light reflected from an object, the method comprising; 

generating a value based on gating a reflection of a pulsed source of light reflected from 
an object; 

generating a second value based on gating when no reflected light is present; and 
subtracting the values to form a corrected values. 
20 Preferably, gating of the reflection of the pulsed source is so timed and of such a 

duration that only a portion of the light from the source reflected from the object is utilized in 
generating the value. 

Alternatively or additionally, gating of the reflection of the pulsed source is so timed 
and of such a duration that all of the light from the source reflected from the object is utilized 
25 in generating the value, such that the value is a nonnalizing value. 

There is further provided, in accordance with a preferred embodiment of the invention, 
a method of removing the effects of background and dark current from a signal generated from 
a gated reflection of a pulsed source of light reflected from an object and normalizing the 
signal, the method comprising; 
30 providing a value in accordance with preferred method described above; 

providing a normalizing value generated in accordance with the above method; and 
normalizing the value utilizing the normalizing value. 
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" ■ ■ The'invenfion'wili be more'cVearly understqod-by r.eferenpe-to the- following description ■ 
of preferred embodiments thereof read in conjunction with the figures attached hereto. In the 
figures identical structures, elements or pans which appear in more than one figure are labeled 
with the same numeral in all the figures in which they appear. The figures are listed below and: 

BRIEF DESCRIPTION OF FIGURES 
Fig. lA shows a schematic of a photdsurface and a circuit diagram of pixels in the 
phoiosurface, in accordance with a preferred embodiment of the present invention; 

Fig. IB shows a schematic of a photosurface divided into band shaped pixel groups, in 
accordance with a preferred embodiment of the present invention; 

Fig. IC shows a schematic of a photosurface divided into square shaped pixel groups, 
in accordance with a preferred embodiment of the present invention; 

Fig. ID shows a schematic of a photosurface 'divided into pixel groups that are used to 
simultaneously provide an image of a scene and distance measurements to points in the scene, 
in accordance with a preferred embodiment of the present invention; 

Fig. 2 shows a schematic of a photosurface and a circuit diagram of pixels in the 
photosurface, in accordance with another preferred embodiment of the present invention, in 
which the pixel circuit comprises a modulator; 

Fig. 3 shows a schematic of a photosurface and a circuit diagram of pixels in the 
photosurface, in accordance with a preferred embodiment of the present invention, in which 
pixel outputs are automatically corrected for biases due to background light and dark current; 

Fig. 4 shows a schematic of another photosurface and a circuit diagram of pixels in the 
photosurface, in accordance with a preferred embodiment of the present invention, in which 
pixel outputs are automatically coirectable for biases due to background light and dark current; 

Fig. 5 shows a time drawing of light and gating pulses illustrating a method of 
removing background and dark current effects for producing normalized light values; and 

Fig. 6 shows a schematic of a photosurface being used to determine distances to objects 
in a scene, in accordance with a preferred embodiment of the present invention. 

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS 
Fig. lA shows a schematic of a photosurface 20 for use in a 3D camera in accordance 
with a preferred embodiment of the present invention. Elements in Fig. lA, and in similar 
subsequent figures, are not shown to scale and their relative sizes have been determined for 
case and clarity of presentation. Only those parts of photosurface 20 that are relevant to the 
discussion are shown in Fig. 1 . 
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Pholosurface 20 comprises a plurality of pixels 22, wherein each pixel comprises a 
pixel circuit 24, in accordance with a preferred embodiment of the present invention, shown 
schematically and in greatly exaggerated scale in inset 26. Pixel circuit 24 comprises a back 
biased photodiode 28, connected at a node 30 to a variable connection that operates as a gate 
5 switch 36. Gate switch 36 connects photodiode 28 to an integrator 32 shown inside a dotted 
rectangle 34. Integrator 32 comprises a storage .capacitor 38 and an amplifier 40 having a 
positive input 42, a negative input 44 and an output 46. Voltage on output 46 is substantially 
proportional to charge on capacitor 38. Gate switch 36 connects photodiode 28 to negative 
input 44 when gate switch 36 is closed and disconnects photodiode 28 from negative input 44 

1 0 when gate switch 32 is open. Positive input 42 is preferably grounded. 

A reset switch 48 selectively connects node 30 lo ground. When reset switch 48 is 
closed any intrinsic capacitance of photodiode 28 is charged to Vdd. When both reset switch 48 
and gate switch 36 are closed, any accumulated charge on storage capacitor 38 is discharged 
and voltage on output 46 is set to zero. 

15 Output 46 of amplifier 40 is connected via an address switch 50 to a readout bus 52. 

Address switch 50, reset switch 48 and gate switch 36 are controlled to be closed and open by 
control signals from a controller to which they are connected by control lines (not shown) using 
methods known in the art. Preferably, the controller and photosensitive surface 20 are 
integrated on a same substrate (not shown). 

20 In a typical operating cycle of a pixel 22, in accordance with a preferred embodiment of 

the present invention, when photosurface 20 is used to determine distances to objects in a 
scene, the pixel is first reset. This is accomplished by closing reset switch 48 and gate switch 
36 to discharge storage capacitor 38. Gate switch 36 is then opened. The scene is then 
illuminated with a train of light pulses, preferably radiated from a pulsed or shuttered laser. 

25 Light reflected from each of the radiated light pulses by objects in the scene is collected by 
collecting optics (not shown) and focused onto photosurface 20. Preferably, an appropriate 
filter (not shown) that transmits Substantially only light having a wavelength radiated by the 
laser, shields pixels 22 in photosurface 20. 

At accurately determined limes following the time that each light pulse is radiated, reset 

30 switch 48 is opened and gate switch 36 is closed. Gate switch 36 remains closed for an 
accurately determined period of time and is then opened. Pixel 22 is thereby sensitive to light 
from the laser during a gate that has an accurately determined gate width (the period of time 
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lims that each light pulse is radiated. 

If photodiode 28 is exposed to light a radiated light pulse .ha. ,s reflected fron, a 
region of at, object in fte sc«.e, and/or bacltground light dunng dte ga.e, a cutren., here,„af,e, 
5 refetred to as a "photocurrent", flows front photodiode 28 .nto storage capacitor 38. Storage 

, o "nVirttftcharoe" is accumulated on storage 
capacitor 38 integrates the photocurrent and a pholochar^e 

capacitor 38. The photocurrent is proportional to the intensity of the hgh. .naden, on 
photodiode 28 front the region of the object and fton. baclcgtound light. Ue antount of 

-„«,^;t«r U eoual to the time integral of the 
photocharge accumulated on storage capacitor 38 is equal 

10 photocurrent during the gate. . ' • 

By opening and closing reset switch 48 each time before elostng gate switch 36 ,t ,s 
assured that eve.7 tinte photodiode 28 is connected to input 44 node 30 has been set ,0 ground 
and the voltage across the intnnsic capacitance of photodiode 28 is se, to Vdd. As a result atty 
chan.e u, voyage across the intrinsic capacitance of photodiode 28 that occur, during penods 
,5 of til bemecn gates does not affect the amount of charge integrated by storage capacitor 38 
during a gate. Such changes might result fan dark currents or hgh. incident on photod,ode 
during periods between gates. 

The total amount of photocharge accumulate! by storage capacitor 38 for the tram of 
radiated hgh. pulses ,s the sum of the photocharges accumulate during all of the gates that 
20 follow radiated Ught pulses in the train of Ugh. pulses. 

Following the last gate, the amount of photocharge on storage capacttor 38 >s 
detetmined by closing address switch 50. When Qtis occurs outpu, 46 of amplifier 40 ts 
comtected to readout buss 52 and a charge is depos.ted on readout buss 52 that ,s proporttonal 

«;f^r -^R The char<ye deposited on readout buss 
to the photocharge accumulated on storage capacitor .8. The charge ep 

OS 52 is sensed and registered using methods known m the art. „ .. , 

. , . u « ft-^m nivPl -)-) is oreferably normalized to the reflectivity of 
The registered photocharge from pixel ii is preicidu ^ 

^ region of the object imaged on pixel 22 us,„g meOtods described in Pa Pt^licahot. 
WO97/0UU, WO97/011I2, and WO97/01113 referenced above. Corrected and normah«d 
registered photocharges from a plurality of ptxels 22 are ten processed to provide distances to 
30 ob ecs in te scene and images of dte objects as described in the referenced PCX pubhcahons. 

r , u . u„ rBCPt switch 48 and gate switch 36 are closed 
Following the readout of the photocharge, reset switcn 46 an s 

^ . A «i,m«ri,«ra(. on storasc capacitor 38 and reset the voltage 
so as 10 discharge any accumulated photocharge on storage ^ 

on output 46 to zero. A next operating cycle can now be initiated. 
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Gate switches -36 and reset switches 48 of pixels 22 on phoiosurface 20 can be 
concrolled, in accordance with preferred embodiments of the present invention, to gate pixels 
22 on and off in different combinations and with different timing sequences. In some preferred 
embodiments of the present invention gate switch 36 and reset switch 48 of each pixel 22 is 
5 controlled independently of gate and reset switches 36 and 48 of other pixels 22. Different 
combinations of pixels 22 are gated on and off in different timing sequences by controlling 
individual pixels 22. In other preferred embodiments of the present invention pixels 22 are 
grouped into different '*pixel groups". Gate switch control lines to pixels 22 in a same pixel, 
group are appropriately connected together so that pixels 22 belonging to the pixel group are 
10 gated on and off together and different combinations of pixel groups are gated on and off in 
different timing sequences. 

In some preferred embodiments of the present invention different pixel groups define 
different regions of photosurface 20. For example, Fig. IB shows pixel groups that divide 
photosurface 20 into parallel strips 60. All pixels 22 in a strip 60 belong to the same pixel 
15 group and are gated simultaneously. Fig. IC shows pixel groups that divide photosurface 20 
into square substantially equal area regions 62. Applications of different configurations of pixel 
groups are described in PCT publication WO 97/01 111, referenced above. 

A photosurface, in accordance with a preferred embodiment of the present invention, 
may also be divided into pixel groups that are usable to simultaneously provide images of 
20 objects in a scene and distance measurements to the objects. 

Assume that the scene is illuminated with a train of light pulses and that light reflected 
from each of the radiated light pulses by objects in the scene is collected by collecting optics 
and focused onto the photosurface. The photosurface is divided into pixel groups, in 
accordance with a preferred embodiment of the present invention, in which each pixel group 
25 comprises two contiguous pixel sub-groups, a first pixel subgroup and a second pixel sub- 
group. Each pixel subgroup includes at least one pixel. Preferably, the area of the second pixel 
subgroup surrounds the area of the first pixel subgroup. Preferably, the pixel groups of the 
photosurface have small areas. 

The first pixel subgroups of the photosurface are used to perform distance 
30 measurements to the objects in the scene. The second pixel subgroups of the photosurface are 
used to provide images of the objects. 

In accordance with a preferred embodiment of the present invention the first pixel 
subgroup of each pixel group is gated on with a relatively short gate at a predetermined time 
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following each" light pulse in the' train oflighl pulses (i.e. the pixels of the sub-group are 
simultaneously gated with a relatively short gate). Preferably, the gate width of the short gate is 
equal to the pulse width of the light pulses in the train of light pulses. The amount of light 
registered by a pixel in a first pixel subgroup is a function of the distance from the pixel of a 
region of an object in the scene that is imaged on the pixel and the intensity of light incident on 
the pixel from the region. The distance to the region is determined from the amount of light 
registered on the pixel normalized to the intensity of light incident on the pixel from the region. 

The second pixel subgroup of each pixel group is gated on with a relatively long gate at 
a predetermined time following each light pulse in the train of light pulses. Preferably, the gate 
width of the long gates is at least three times the pulse- width of the light pulses. (In the case 
where the pulse width and the short gate width are not equal, preferably, the long gate width is 
equal to at least two pulse widths plus a short gate width). Preferably, the mid points of the 
long and short gates are substantially coincident. The amount of light collected on a pixel of a 
second subgroup is a function of the intensity of light incident on the pixel from a region of an 
object in the scene that is imaged on the pixel. 

A region imaged by the first subgroup of a pixel group is contiguous with a region 
imaged by the second subgroup of the pixel group. The intensity of light registered by pixels in 
the second subgroup of pixels is used to estimate the intensity of light that is incident on pixels 
in the first subgroup. Estimates of intensity for pixels in the first pixel subgroup arc made from 
intensities registered on pixels in the second pixel subgroup by appropriate averaging and 
interpolation techniques known in the art. The estimated intensity of incident light on pixels in 
the first subgroup is used to normalize the amount of Hght registered on pixels in the first 
subgroup in order to determine distances to the objects. 

Fig. ID shows photosurface 20 divided into pixel groups 63 that are usable to 
simultaneously provide an image of an object illuminated by an appropriate train of light pulses 
and distance measurements to the object, in accordance with a preferred embodiment of the 
present invention. Each pixel group 63 preferably comprises nine pixels 22. The nine pixels 22 
are preferably grouped into a first pixel subgroup 65 comprising a single pixel 22 and a second 
pixel subgroup 67 comprising eight pixels 22. Inset 70 of Fig. ID- shows a pixel group 63 in 
which pbcels 22 belonging to second subgroup 67 are textured and the single pbcel 22 
belonging to first pixel subgroup 65 is shown untextured. First pixel subgroup 65 is used for 
distance measurements to objects in a scene and second pixel subgroup 67 is used for imaging 
objects in a scene. 
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Fig. 2 shows a schematic of a photosurface 80 comprising pixels 82 in accordance with 
another preferred embodimcni of the present invention. Each pixel 82 comprises a pixel circuit 
84 shown in inset 86. Pixel circuit 84 is identical to pixel circuit 24 shown in Fig. lA except 
that in pixel circuit 84 a modulalor 88 replaces gate switch 36 in pixel circuit 24. Modulator 88. 
5 unlike gate switch 36, modulates current flowing from photodiode 28 into storage capacitor 38 
rather than either just preventing phoiocurrent from flowing or enabling photocurrent lo flow 
into storage capacitor 38. Modulator 88 is prefer^ly a FET and is shown in Fig. 2 by the 
graphical symbol for a FET. Modulator 88 is connected by a control line 90 to a controller (not 
shown) that controls the value of the resistance of modulator 88 between photodiode 28 and 
10 input 44 of amplifier 40. The resistance of modulator 88 modulates the magnitude of 
photocurrent that flows through photodiode 28 into storage capacitor 38. 

When pixels 82 in photosurface 80 are modulated harmonically, in accordance with a 
preferred embodiment of the present invention, photosurface 80 is useable to determine 
' distances to objects using an harmonically modulated light source according to methods 
1 5 described in U.S. patent 4,935,61 6 cited above. 

For example, assume that a target (not shown) located at a distance D from 
photosurface 80 is illuminated vvith laser light that is modulated so that the intensity of the laser 
light may be written as I = Io(l+sin(<Dt)). Assume that pixels 82 of photosurface 80 are 
harmonically modulated, in accordance with a preferred embodiment of the present invention, 
20 so that the sensitivity of pixels 82 can be represented by S = So(0.5)(l+sin(cot). Assume further 
thai light reflected by the target is properly collected and focused onto photosurface 80 for a 
period of time equal to NT where N is an integer and T = 27t/co, is the period of modulation of 
the laser light and the pixel sensitivities. Then the amounts of photocharge accumulated on a 
capacitors 30 of pixels 82, onto which an image of the target is focused, will be proportional to 
25 RloSo(NT)(0.5 + 0.25cosS) where R is a proportionality constant and 9 = 2Dco/c where c is 
the speed of light. The amplitude, RloSo(NT), can be determined, in accordance with a 
preferred embodiment of the present invention, by imaging the target with modulated laser 
light for a knovm period of time, which period of time is preferably equal to NT, without 
modulating the sensitivity of pixels 82. 
30 In the above example pixels 82 of photosurface 80 are modulated harmonically. In 

some preferred embodiments of the present invention pixels are modulated non-harmonically. 
For example, pixels may be modulated pseudo-randomly. 



15 



wo 00/19705 PCT/IL98/00476 
Fig.-3-shows another phoiosurface 100 Gomprising pixels 1-02-for use in-a-SD -Gamera in- • ■ 
accordance with a preferred embodimeni of the present invention, to determine distances to 
objects in a scene. Like photosurfacc 20 shown in Fig. I A, photosurface 100 is preferably used 
with a pulsed or shuttered laser and is preferably shielded by an appropriate optical niter that 
5 transmits substantially only light having a wavelength equal to that of light radiated by the 
laser. 

However, unlike pixels 22 in phoiosurface 20, the outputs of pixels 102 in photosurface 
100 are automatically corrected for biases caused by background light to which they are 
exposed and from dark currents. Background light is any light incident on pixels 102 thai is not 

10 from light radiated to illuminate objects in the scene. Such background Hght may originate 
from sources of light (natural as well as man made) other than the laser that radiate light having 
the same wavelengths as light radiated by the laser. Background light might also arise because 
the optical filter that shields photosurface 100 might not be perfectly opaque to light having 
wavelengths not radiated by the laser. 

15 Pixels 102 comprise a pixel circuit 104 shown in greatly exaggerated scale in inset 105. 

Pixel circuit 1 04 comprises a photodiode 28 connected to a node 30 and preferably back biased 
with a voltage Vdd, and first and second integrators 110 and 112 respectively shown inside 
dotted circles 114 and 116. First and second integrators 110 and 112 are preferably identical 
• and similar in structure and operation to integrator 32 shown in Fig, lA as part of pixel circuit 

20 24. A first gate switch 120 is used to connect and disconnect photodiode 28 to and from first 
integrator 1 10 and a second gate switch 122 is used to connect and disconnect photodiode 28 to 
and from second integrator 112. 

First integrator 110 comprises a first storage capacitor 130 and first amplifier 132, 
which amplifier 132 has positive and negative inputs 134 and 136 and an output 138. Second 

25 integrator 112 has a second storage capacitor 140 and an ampUfier 142 having positive and 
negative inputs 144 and 146 and an output 148. Preferably, integrators 110 and 112 are 
identical. Output 138 of first integrator 132 is connected to a positive input 150 of an amplifier 
152 and output 148 of second amplifier 142 is connected to a negative input 154 of amphfier 
152. Amplifier 152 has an output 156. Voltage on output 156 is proponional to the difference 

30 of voltages on outputs 138 and 148. This voltage is proportional to the charge generated by 
reflection from the object of light from the illumination source. 

When first gate switch 120 is closed and second gate switch 122 is open, photocurrent 
from photodiode 28 is integrated by fu-st storage capacitor 130. Similarly, when first gate 
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switch 120 is open and second gate switch 122 is closed, photocurrent from phoiodiode 28 is 
integrated by second storage capacitor 140. Node 30 is connected to a reset switch 48. When 
reset switch 48 is closed the intrinsic capacitance of photodiode 28 is charged to voltage Vdd. 
When reset switch 48 and gate switch 120 are closed storage capacitor 130 is discharged. 
5 Similarly, storage capacitor 140 is discharged when reset switch 48 and gate switch 122 are 
closed. 

Output 156 of differential amplifier 152 is connected via an address switch 50 to a 
readout buss 52. When address switch 50 is closed, voltage on output 156, which is 
projportional to the difference between the amounts of photocharge on first and second- storage 
10 capacitors 130 and 140 respectively, is sensed via on readout buss 52. The sensed voltage is a 
measure of the intensity of the response of a pixel 102 to light from an object imaged on the 
pixel 102. 

A controller (not shown) controls each of the switches in circuit 1 00 via appropriate 
control lines (not shown) that coimect the controller to the switches. 

15 When photosurface 100 is used to determine distances to objects in a scene, a train of 

light pulses radiated from the laser illuminates the scene. Following each light pulse in the train 
of radiated hght pulses, each pixel 102 in photosurface 100 that is used to determine distances 
to the objects is gated on twice. 

The first time a pixel 102 is gated on/ for a "first gate", photodiode 102 is connected to 

20 first integrator 1 10 and disconnected from second integrator 1 12 and photocurrent is integrated 
on first storage capacitor 130. The second time pixel 102 is gated on, for a "second gate", 
photodiode 102 is connected to second storage capacitor 140 and disconnected from first 
capacitor 110 so that photocurrent is integrated on second storage capacitor 140. The gate 
v^dths of the first and second gates are controlled to be equal to a high degree of accuracy. 

25 Each time before photodiode 28 is connected to one or the other of integrators 110 and 112, 
reset switch 48 is closed so as to charge the intrinsic capacitance of photodiode 28 to Vdd and 
set the voltage of node 30 to ground. As explained in the discussion of Fig. lA this prevents 
any changes in voltage across the intrinsic capacitance of photodiode 28 that occur between 
gates from affecting the amounts of charge accumulated on storage capacitors 130 and 140. 

30 The first gate is timed with respect to the radiated light pulse so that pixel 28 

accumulates photocharge on first storage caipacitor 130 generated by light incident on- 
photodiode 28 that is reflected from the radiated light pulse by an object in the scene. During 
the first gate, storage capacitor 130 also accumulates photocharge from background light and 
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charge generated by dark current in-pholodiode-28- The voliage on output -13 8 of first 'ampli fier 
132 is therefore proportional lo dark cunrent, photocurreni generated by background light and 
light reflected by an object in the scene that is integrated during the first gale. 

The second gate is timed to follow the first gate after a sufficiently long delay so that 

5 light from the radiated light pulse reflected by objects in the scene is no longer incident on 
pixel 102. During the second gate therefore, pixel 102 accumulates phoiocharge on second 
storage capacitor 140 generated only by background light and dark cuirent. The voltage on 
output 148 of second amplifier 142 is therefore proportional to dark current and photocurrent 
generated by background light that is integrated during the second gate. 

10 Since the voltage on output 156 of amplifier 152 is proportional to the difference 

betvi'een the voltages on output 138 of first amplifier 132 and output 148 of second amplifier 
142, the output of pixel 102 is proportional to photocharge generated only by light that is fi*om 
the radiated light pulse that is reflected by an object in the scene. Biases in the response of 
pixel 102 to light resulting fi-om background light and from dark current are substantially 

15 removed. 

In a variation of pixel circuit 104 amplifier 152 is omitted and each of first and second 
integrators 1 10 and 1 12 respectively is connected to data buss 52 by its own address switch, in 
this variation of pixel circuit 104, following the last radiated light pulse in the train of light 
pulses, the voltage on output 138 and 148 of each pixel 102 is separately read out and 

20 corrections for the effects of background light and dark current on the output of each pixel 102 
is preferably performed digitally. 

Fig. 4 schematically shows another photosurface, photosurface 170, comprising pixels 
172 wherein each pixel 172 comprises a pixel circuit 174 shown in inset 176 that automatically 
corrects the output of the pixel for biases causes by background light and dark current in 

25 accordance with a preferred embodiment of the present invention. This circuit operates with 
one capacitor and one amplifier and removes the effects of background light and dark cuirent 
by sv/itching the direction in which current flows into the capacitor. 

Pixel circuit 174 comprises an amplifier 178 and five gate switches, gate switches 180, 
181, 182, 183 and 184, which control the operating cycle of pixel circuit 174 and route 

30 photocurrent from a photodiode 28 (back biased by voltage Vdd) to a storage capacitor 186. 
Amplifier 178 has positive and negative inputs 190 and 192 and an output 194. Output 194 can 
be connected to a readout buss 52 by an address switch 50, Storage capacitor 186 is connected 
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between two nodes. 196 and 198. A reset switch 48 connected to a node 30 is used to ground 

node 30 and reset the voltage across the inuinsic capacitance of photodiode 28 to Vdd. 

Photosurface 1 70 is useable to measure distances to a target illuminated by a train of 

light pulses, in accordance with a preferred embodiment of the present invention. Following 
5 each light pulse in the train of light pulses, pixels 172 are gated on twice. Each pixel 172 is 

gated on for a first gate following the light pulse to receive reflected light from the target and 

subsequently gated on for a second gate to receive background light and measure dark current. 

The second gate is delayed with respect to the first gate so that during the second gate no. 

reflected light from the target is incident on pixel 172. The gate widths of the two gates are 
10 carefully controlled to be equal to a high degree of accuracy. Preferably the gate widths of the 

two gates are substantially equal to the pulse widths of the light pulses that illuminate the 

target. 

In a typical operating cycle of a pixel 172, capacitor 30 is reset before the first pulse of 
a train of light pulses illuminating a target by closing gate switches ISl and 182 or gate 

15 switches 183 and 184. Thereafter, following each light pulse, reset switch 48 is closed while 
gate switch 180 is open in order to reset the voltage across the intrinsic capacitance of 
photodiode 28 to Vdd. Pixel 172 is then gated on for a first gate following (after an appropriate 
time delay) the light pulse by opening gate switch 48 and closing gate switches 180, 181 and 
183. Node 196 is connected thereby to output 1.94 of amplifier 178 and node 198 is connected 

20 to negative input 192 of amplifier 178. During the first gate, photocurrent generated by light 
reflected by the target and background light, plus dark current, flow into storage capacitor 186 
and increase the potential difference across storage capacitor 186. At the end of the first gate, 
gate switches 180, 181 and 183 are opened and subsequently reset switch 48 is closed to again 
reset the voltage across the intrinsic capacitance of photodiode 28 to Vdd. 

25 To begin the second gate, reset switch 48 is opened and gate switches 180, 182 .and 184 

are closed (gate switches 181 and 183 are open). Nodes 196 and 198, which during the first 
gate were connected to output 194 and input 192 respectively, now have their connections 
reversed. Node 196 is connected to input 192 and node 198 is connected to output 194. As a 
result, current from photodiode 28 that flows into storage capacitor 1 86 during the second gate 

30 reduces the voltage across storage capacitor 186. This current is the sum of dark current and 
photocurrent generated by background light. Therefore at the end of the second gate the 
contribution to the potential difference across capacitor 1 86 that existed at the end of the first 
gate due to dark current and photocurrent generated by background light is subtracted from the 
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. voltage. across s.torage. capacitor 186. At the end of the second gate, the potential difference 

across capacitor 186 and the charge accumulated on the capacitor is due only to light reflected 
by the target from the light pulse. 

Voltage on output 194 of amplifier 178 is therefore proportional only to the amount of 

5 photocharge generated by light from the train of light pulses that is reflected by the target. The 
effects of background light and dark current have been effectively eliminated from the output 
of pixels 172 in photosurface 170. To read the output of pixel 172 following the last pulse of 
the train of light pulses, gate switch 50 is closed to connect output 194 to readout buss 52. 

In order lo determine distances to the target the output of each pixel 172 used to 

10 measure distance to the target must be normaUzed to the intensity of the reflected light incident 
on the pixel from the region of the target that is imaged on the pixel. This is preferably done by 
grouping pixels 172 in photosurface 170 into pixel groups and using some of the pixel groups 
to acquire distance data from the target and using other pixel groups to acquire imaging data 
(intensity data) as described in the discussion of Fig. ID. Alternatively photosurface 170 may 

1 5 be exposed twice to the target, once to acquire a frame of distance data from the target and a 
second time to acquire a frame of imaging data from the target. As described above both the 
distance data and the imaging data are automatically corrected for the effects of background 
light and dark current. Outputs of pixels 172 that are used to acquire image data from the target 
are used to normalize outputs of pixels 172 that .are used to acquire distance data from the 

20 target. 

Fig. 5 shows a generalized system for producing normalized, background and dark- 
current corrected signals, in accordance with a preferred embodiment of the invention. Fig. 5 is 
a time drawing in which the timing of two pulses and four gates are shown. A background and 
dark current corrected signal is derived by accumulating charge from a light sensitive device 

25 during a first gating period 302. This includes charge generated by source light reflected from 
the object 300 during (part of) the period as well as charge generated by background light and 
dark current 301. During a second.gating period 304, preferably having the same extent as gate 
302, charge which is accumulated is caused only by background and leakage current. The 
difference between the two shaded areas corresponds to the net charge from the source light 

30 reflected from the object. This difference is, however, not yet normalized. 

In order to normalize, the total amount of light from source during the entire period of 
its illumination by the source is accumulated, as in the prior art, during a third gating period 
306, which is made long enough to include all of the reflected light 300. As with respect to 
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period 302, the light during this period includes background, source reHection and dark current. 
During a fourth gate 308, preferably having the same width as gate 306, charge is accumulated 
which has as its source only background and dark cuireni. When this charge is subtracted from 
the charge accumulated during period 306, a true normalizing value (net of background and 
dark current) is determined. This "net" normalizing signal is used to normalize the net source 
light reflection charge, as determined from the accumulations during gates 302 and 304, 

Fig. 5 shows gates 302/304 and 306/308 acquired in pairs on successive pulses. For this 
case, the charges may be accumulated utilizing for example a circuit such as that shown in Fig. 
3 or 4. However, as described above, they may be acquired for the same pulse utilizing 
different, adjacent pixels or during different frames, in which case the circuit of Fig. lA may be 
used. However, it should be understood that the methodology described with respect to Fig. 5 
has more general applicability than to the photosurfiices described above and can be utilized in 
a wider range of pulsed detection systems for the elimination of background and dark current 
and for normalization. 

Fig. 6 schematically shows a photosurface 200 having pixels 202 comprised in a 3D 
camera that is being used to determine distances to an object 204, in accordance with a 
preferred embodiment of the present invention. Only the parts of the 3D camera that are 
relevant to the discussion are shown. Elements shown in Fig. 6 are not to scale and their 
relative dimensions have been chosen to facilitate ease and clarity of exposition. 

The 3D camera comprises a light source, preferably a laser 206, that illuminates objects 
being imaged with a train of light pulses or a light beam having a modulated intensity. A lens 
208 collects light from objects imaged by the 3D camera and focuses the collected light on 
pixels 202 of photosurface 200. 3D camera comprises a controller 210 that synchronizes gating 
or modulating pixels 202 with light pulses or with the intensity modulation of light radiated by 
laser 206, respectively. 

• In the case that laser 206 radiates light pulses, pixels 202 are "gated" pixels that 
comprise pixel circuits, in accordance with a preferred embodiment of the present invention, of 
the types shown in Figs. 1 A, 3, or 4. Pixels 202 are gated in response to the times at which light 
pulses are radiated by laser 206, in accordance with a preferred embodiment of the present 
invention, as described above. 

In the case where laser 206 radiates an intensity modulated light beam, pixels 202, are 
"modulated" pixels that comprise, in accordance with a preferred embodiment of the present 
invention, pixel circuits of the type shown in Fig. 2. Pixels 202 are modulated in response to 
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- • thenime dependence-of the intensity modulati^ in .accordance with~a preferred embodiment, of - . 

the present invention, as described above. 

In Fig. 6 laser 206 is shown illuminating object 204 with a plurahty of light pulses 
represented by wav)' arrows 212. Regions of object 204 reflect light from radiated light pulses 
5 212 in reflected light pulses that are represented by wavy arrows'214. Controller 210 gates 
pixels 202 on and off with respect to the times that light pulses 212 are radiated, pulse widths 
of light pulses 212, and a range of distances to object 204 that it is desired to measure. 

As discussed explicitly for photosurface 24 shown in Fig. I A, pixels in -the other 
photosurfaces in accordance with preferred embodiments of the present invention that are 
10 described above may be gated (or modulated as the case might be) in different combinations 
and with different timing sequences. Furthenmore, pixels may be controlled individually or in 
groups. 

It should also be recognized that different pixels or pixel groups in photosurfaces, in 
accordance with preferred embodiments of the present invention, may be made sensitive to 

15 different wavelengths of light. For example, in some preferred embodiments of the present 
invention, pixels in a photosurface are grouped into groups of three contiguous pixels in which 
each pixel is sensitive to a different one of the primary additive colors R, G, B. 

Furthermore, whereas preferred embodiments of the present invention are shown 
comprising a photodiode as an element that generates current in a pixel circuit in response to 

20 incident light, other light sensitive current generators, such as photoresistors or photogates may 
be used instead of the photodiodes shown. 

The present invention has been described using non-limiting detailed descriptions of 
preferred embodiments thereof that are provided by way of example and are not intended to 
limit the scope of the invention. Variations of embodiments described will occur to persons of 

25 the art. The scope of the invention is limited only by the following claims. In the claims, when 
the words "comprise", "include" or "have" or their conjugations are used they mean "including 
but not limited to." 
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CL.^MS 

1 . A phoiosurfacc comprising a plurality of light sensitive pixels, wherein each pixel of 
the pluraHry of pixels comprises an electronic circuit, each of the circuits comprising: 

5 a single light sensitive element that provides a current responsive to light incident 

thereon; 

at least one charge accumulator separate from the light sensitive element; and 
at least one variable connection through which current flov^'S from the light sensitive 
element into the integrator. 

10 

2. A phoiosurface according to claim 1 wherein the charge is accumulated on a capacitor. 

3. A photosurface according to claim 1. or claim 2 wherein the at least one charge 
accumulator comprises at least one amplifier, having an input and an output, the at least one 

1 5 capacitor being connected as a feedback capacitor of the amplifier, and wherein the at least one 
variable connection connects the light sensitive clement to the input of the amplifier. 

4. A photosurface according to claim 3 wherein the amplifier is an operational amplifier. 

20 5. A photosurface according to claim 3 or claim 4 comprising at least one data buss and 
wherein the circuit comprises at least one address switch, which connects a" data buss to an 
output of one of the at least one amplifiers, either directly or via another switch. 

6. A phoiosurface according to any of claims 3-5 wherein the at least one variable 
25 connection comprises at least one gate switch. 

7. A photosurface according to claim 6 wherein the at least one capacitor comprises a 
single capacitor and the at least one gate switch comprises a single gate switch. 

30 8. A photosurface according to claim 6 wherein: 

the at least one capacitor comprises first and second capacitors connected as feedback 
capacitors respectively to first and second amplifiers to form first and second integrators; and 
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..... .the .at. least, one .gate witch .comprises first and second gate switches, the first jate . ^ 

switch connecting the light sensitive element to the input of the first amplifier and the second 
gate switch connecting the light sensitive element to the input of the second amplifier. 

5 9. A photosurface according to claim 8 wherein the at least one address switch comprises 
first and second address switches, the first address switch connecting the output of the first 
amplifier to the data buss and the second address switch connecting the output of the second 
differential amplifier to the data buss. 

10 10. A photosurface according to claim 8 comprising a differential amplifier having positive 
and negative inputs and an output, wherein the output of the first differential amplifier is 
connected to the positive input of the differential amplifier, the output of the second differential 
amplifier is connected to the negative input of the differential amplifier and wherein the output 
of the differential amplifier is connected by the at least one address switch to the data buss. 

15 

11. A photosurface according to claim 6 or claim 7 wherein the at least one capacitor is 
connected to the at least one amplifier by a plurality of switches such that: 

for a first combination of open and closed switches a first terminal of the at least one 
capacitor is connected to the input of the amplifier and a second terminal of the at least one 
20 capacitor is connected to the output of the amplifier; and 

for a second combination of open and closed switches the first temiinal of the at least 
one capacitor is connected to the output of the amplifier and the second terminal of the at least 
one capacitor is connected to the input of the amplifier. 

25 12. A photosurface according to any of claims 1-5 wherein the at least one variable 
connection comprises at least one modulator. 

13. A photosurface according to claim 12 wherein the at least one modulator comprises one 
modulator and wherein the at least one capacitor comprises one capacitor. 

30 

14. A photosurface according to claim 12 or claim 13 wherein the at least one modulator is 
controllable to modulate the current fi-om the light sensitive element haimonically. 
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15. A photosurface according to claim 13 wherein the at least one modulator is controllable 

to modulate the current from the light sensitive element pseudo randomly. 

16. A 3D camera for determining distances to objects in a scene comprising a photosurface 
5 according to claim 5 or claim 6. 

17. A 3D camera according to claim 16 comprising a controller that gates each pixel in the 
photo surface on and off by controlling the gate switch associated with the capacitor to be 
closed or open. 

10 

18. A 3D camera according to claim 1 7 comprising a light source that radiates a plurality of 
light pulses, having a pulse width, that illuminate objects in the scene, wherein the controller 
gates pixels in the photosurface on or off at times coordinated with times at which light pulses 
of the plurality of light pulses are radiated. 

15 

19. A 3D camera for determining distances to objects in a scene comprising a photosurface 
according to any of claim 8-1 0. 

20. A 3D camera according to claim 19 comprising a controller that gates pixels in the 
20 photo surface on and off by controlling at least one of the first and second gate switches of the 

circuits of the pixels to be closed or open. 

21 . A 3D camera according to claim 20 comprising a light source that radiates a plurality of 
light pulses that illuminate objects in the scene, the light pulses having a pulse width, wherein 

25 the controller gates pixels in the photosurface on or off at times responsive to times at which 
light pulses of the plurality of light pulses are radiated. 

22. A 3D camera according to claim 2 1 wherein the controller is operative to: 

gate pixels on for a first gate period after a first time lapse following each radiated light 
30 pulse of a first plurality of radiated light pulses such that current fi-om the light sensitive 
element is integrated by the first integrator; and 



25 



wo 00/19705 PCT/IL98/00476 

gate pixels on for V second ga\e perioii after" a second time lapse following each radiated 
liglit pulse of a second plurality of radiated light pulses such that current from the light 
sensitive element is integrated by the second integrator. 

5 23. A 3D camera according to claim 22 wherein the raid points of first and second gate 
■ periods are delayed with respect to the radiated light pulses that they respectively follow by the 
same amount of time. 

24. A 3D camera according to claim 22 or claim 23 wherein the duration of the first gate 
1 0 period is substantially equal to the pulse width of the radiated light pulses. 

25. A 3D camera according to any of claims 22 - 24 wherein the duration of the second gate 
is greater than or equal to three times the pulse width. 

1 5 26. A 3D camera according to claim 21 wherein the controller is operative to: 

gate pixels on for a first gate period after a first time lapse following each radiated light 
pulse of the plurality of radiated light pulses such .that current fi-om the light sensitive elemem 
is integrated by the first integrator; and 

gate pixels on for a second gate period after a second time lapse following each radiated 
20 light pulse of the plurality of the plurality of radiated light pulses such that current firom the 
light sensitive element is integrated by the second integrator. 

27. A 3D camera according to claim 26 wherein the first time lapse is such that light 
reflected fi-om the object reaches the light sensitive element during the first gate period, such 

25 that current therefrom responsive to background light, light reflected fi-om the radiated light 
pulse by objects in the scene plus dark current is integrated on the first integrator. 

28. A 3D camera according to claim 26 or claim 27 wherein the second time lapse is such 
that light reflected from the object does not reach the light sensitive element during the second 

30 gate period, such that current therefrom responsive to background Ught plus dark current is 
integrated on the second integrator. 
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29. A 3D camera for dptemiining distances to objects in a scene comprising a phoiosurface 
according to claim 1 1 . 

30. A 3D camera according lo claim 29 comprising a controller that gates pixels in the 
photo surface on and off by controlling the at least one gate switch in the circuits of the pixels 
to be closed or open. 

■31. A 3D camera according to claim 30 comprising a light source that radiates a plurality .of 
light pulses having a pulse width that illuminate objects in the scene and wherein the controller 
gates pixels in the photosurface on or off at times responsive to times at which light pulses of 
the plurality of light pulses are radiated. 

32. A 3D camera according to claim 3 1 wherein the controller gates pixels on for a first and 
second gate periods following each light pulse in the plurality of light pulses and wherein 
during the first gate period current in the light sensitive element is responsive to background 
light and light of the radiated light pulse reflected from the objects in the scene plus dark 
current is integrated on the capacitor and increases voltage across the capacitor and wherein 
during the second gate current responsive to background light plus dark current is integrated on 
the capacitor and decreases voltage across the capacitor. 

33. A 3D camera according to any of claims 26-28 or claim 32 wherein the duration of the 
first gate and .the duration of the second gate are controlled to be equal to a high degree of 
accuracy. 

34. A 3D camera according to any of claims 26-28, 32 or 33 wherein the duration of the 
first and second gates is substantially equal to the pulse width of the radiated light pulses. 

35. A 3D camera according to any of claims 17-34 wherein the pixel circuit of the 
. photosurface comprises a reset switch connected to the light sensitive element and wherein 

when the reset switch is closed, voltage across the light sensitive element is set to a 
predetermined magnitude. 
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36. A SD'camefa' according to claim* 3 5 whereih'the controller controls the reset swiicfi and 
wherein before the controller gates a pixel on the controller closes and opens the reset switch of 
the pixel at least once, 

37. A 3D camera for determining distances to objects in a scene comprising a photosurface 
according to claim 12. 

38. A 3D camera according to claim 37 comprising a controller that controls modulators in 
the pixels of the photosurface to modulate currents from the light sensitive elements of the 
pixels. 

39. A 3D camera according to claim 38 wherein the modulators modulate the currents 
harmonically. 

40. A 3D camera according to claim 39 wherein different pixels of the photosurface are 
modulated at different frequencies of modulation. 

4L A 3D camera according to claim 38 comprising a hght source that radiates a beam of 
light having an harmonically modulated intensity and wherein the controller controls the 
modulators to modulate the currents harmonically so that the beam of light and the currents are 
modulated harmonically at the same frequency of modulation and in phase. 

42. A 3D camera according to any of claims 17, 18, 20-28, 30-36 or 38-41 wherein the 
controller controls each pixel of the pixels in the photosurface independently of other pixels in 
the photosurface. 

43. A 3D camera according to any of claims 17, 18, 20-28, 30-36 or 38-41 wherein pixels 
in the photosurface are grouped into different pixel groups and pixels in a same pixel group are 
controlled by the controller simultaneously and wherein each pixel group is controlled 
independently of other pixel groups. 



28 



wo 00/19705 PCT/IL98/G0476 
44, A method of removing the effects of background and dark current from a signal 
generated from a gated reflection of a pulsed source. of hght reflected from an object, the 
method comprising; 

generating a value based on gating a reflection of a pulsed source of light reflected from 
5 an object; 

generating a second value based on gating when no reflected light is present; and 
subtracting the values to form a corrected values. 

4S:- A method according to claim 44 wherein the gating of the reflection of the pulsed 
10 source is so timed and of such a duration that only a portion of the light from the source 
reflected from the object is utilized in generating the value. 

46. A method according to claim 44 wherein the gating of the reflection of the pulsed 
source is so timed and of such a duration thai all of the light from the source reflected from the 

1 5 object is utilized in generating the value, such that the value is a normalizing value. 

47. A method of removing the effects of background and dark current from a signal 
generated from a gated reflection of a pulsed source of light reflected from an object and 
normalizing the signal, the method comprising; 

20 providing a value generated in accordance with claim 45; 

providing a normalizing value generated in accordance with claim 46; and 
nonnalizing the value generated in accordance with claim 45 utilizing the normalizing 

value. 
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